A qjui DUIpuse o1 e 1ecnni-
cal Information Center is to provide
the broadest dissemination possi-
bie of information contained in
DOE’s Research and Development
Reports to business, ‘ustry, the
academic community, and federal,
state and local governments.
Although a small portion of this
report is not reproducble, it is
being made available to expedite
the availability of information on the
research discussed herein.

1



LA-UR-83-2432

(oOF-8308Wd~~7

Los Alamos Netional Laboratory 8 operaied by the University of Celifernia for the United States Departmen of Energy under contract W-7408-ENG-36.

TITLE: ELECTROMAGNETIC AND WEAK INTERACTIONS IN FEW-NUCLEON SYSTEMS

autioris:  BJZ| Glbson Lh=UR--83-2432

DE83 017238

SUGMITTED TO: Invited Paper
10th International Conference on Few Body Problems In Physlics

DISCLAIMER

This report was preparcd as an account of wurk sponsored by an agency of the United Smu'",_._.,,. et ieeie
Government. Neither the United States Government nor any agency thereof, nor any of their " * NOTICE

employeos, makes any warranty, cxpross or impiled, or Jsnmes any legal liability or responsi-~ PORTIO )
bility for the sccuracy, completeness, or usefulness of any information, apparstus, product, or NS OF THIS RE AT ARE ILLEGIBLE,
process disclosed, or reprosents that ts use would not infringe privately owned rights. Refer- It has baen reproduced from tho bost
ence herein to any specific commercial product, proces, of sorvics by trade name, trademark, pyaliab e

manufscturer, or otherwise doss not nocossarily vonatituty of imply its endorecment, recom- o ""h or" ll:?f permit the broadest
mendation, or favoring by the United States Government or any agency thereof. The views possiole avalia i y.

and opinions of authors expressod horein do not necosserily state or reflect those of the

United States Governmeat o any agency thereof.

By scceplance of this article. 1ne publishe: recognites that the U.8 Government relains & nonenciusive, royaitly-1ree ioense to publish or reproduce
the pubhshed form of this contribution, of 10 akow others to 00 80, for U.B Government purposes

The Loe Alamoa National Laboratory recuests that the pubimher identily this articie as work parformed under the auspioss of the |1 8 Department of Energy

,M msmu:unnn.m 1R TN 1 R TR
LS AlSANOS LesAamos NatonaiLsbarstor
romavo tase MAS".'R


About This Report
This official electronic version was created by scanning the best available paper or microfiche copy of the original report at a 300 dpi resolution.  Original color illustrations appear as black and white images.



For additional information or comments, contact: 



Library Without Walls Project 

Los Alamos National Laboratory Research Library

Los Alamos, NM 87544 

Phone: (505)667-4448 

E-mail: lwwp@lanl.gov


In w‘LJ P‘r“"

/0 /‘ Iln /(rng{lvho / (‘0.’! ;lr’tllu on
[Few 3“// Fn ‘IOMI hp. H/JIH

Kavlrihe, Wt Gromey
Augast 1~ 27, 1543



ELECTROMAGNETIC AND WEAK INTERACTIONS IN FEW-NUCLEON SYSTEMS

B. F. GIBSON

Theoretical Division, Los Alamos National Laboratory
Los Alamos, New Mexico 87545

Selected problems in electroweak interactions are reviewed. Processes
where exact numerical calculations might provide insight are emphasized.

1. INTRODUCTION

One fundamdental question facing physicists today is that of how we unify
the basic forces of nature: gravitational, eiectromagnetic, strong nuclear,
and weak nuclear. Although progress toward an answer has been made, the can-
didate "Grand Unified Theories" are so far just that, candidate theories.
Along the path, nuclear physics has contributed significantly to our overall
knowledge of the strong force and is in a position to contribute to cur know-
ledge of the weak force. Another fundamental question concerns our under-
standing of the structure of nuclei. These multibaryon systems comprise most
of the mass and energy of the visible universe. Element synthesis is crucially
based upon nuclear structure. The energy of our solar system is produced by
nuclei. Interactions of nuclei involve all the forces of nature. Thus, to
comprehend our universe, we must understand the structure of nuclear systems.
But there exist various levels of understarding. Just as one would not attempt
to study liquid argon "o learn about QED, one does not expect to extract sig-
nificant knowledge abo.t QCD from studying the binding of the neutron and
proton to form deuterium. Likewise, one do2s not attempt to calculate the
structure of complex crystals starting frow first principles; solid state is an
important and viable field of physics independent of quantum electrodynamics.

Particle physics seeks an understanding of elementary particle interactions
at very high energies (ultra short distances). In contrast, nuclear physics
strives to describe the nucleus at energies and interparticle distances cor-
responding to conditions which one might picture as two bags barely overlap-
ping. Here, in a region that the particle physicist finds difficult to describe
quantitatively with asymptotically free theorias, the nuclear physicist finds
simplification and order in tsms of wucieons and meson exchange. However, it
fs the possibility of speculating about the transition from the remarkably
successful picture of the nucleus as a composite system of interacting nuclecns
to one of a quark soup that intrigues many physicicts. But one must first
define the 1imits of validity for the description of nuclear phenomena in terms



of physically observable baryons and mesons before evidence for quark degrees
of freedom in nuclei can be critically evaluated. Recall two nuclear physics
successes of the ast decade: 1) the perfection of model calculations based
solely upon nucle 1 degrees of freedom to the point that comparison of results
with experimental aata revealed the inadequacies of the assumption and demon-
strated the undeniab e need to expand the model to include meson exchange
currents - a new degree of freedom; 2) the perfection of realistic nucleon-
nucleon potential model calculations to the extent that a comparison of binding
energy estimates with well established experimental results revealed discrep-
ancies that could only be accounted for by the introduction of three-body
forces. In each case detailed, precision calculations were required in compar-
ison with numerous experimental data before one could establish that these
small but significant effects were genuine. Thus, nuclear physics seeks the
appropriate degrees of freedom with which to describe nuclear systems and their
interactions. The ultimate test of our intellect will be whether we possess
the capability to calculate all of the nuclear phenomena which we have the
ability to measure.

It is this goal of understanding all we can measure which gives few-body
investigations there special place in physics. Not only can experimentalists
perform kinematically complete measurements, but theorists can produce exact
calculations. Why the emphasis on exact calcuiations? First, one can test
mode] theories by direct comparison with data. That is, approximations can be
controlled, and disagreement between theory and experiment should imply sume
physics (not harmonic oscillator space) is missing. Second, one can find in-
sight into novel, qualitative features of structure or reactions. For example,
a folding model, two-body equation description of 3H will not yield the infinite
binding which exact equations produce for zero range forcies. Similarly, a
DWBA calculation of 3H(y.d)n fails to account for the 43% of the cross section
near the peak energy which comes from coupling to the three-body channel.
Third, one can generate benchmark solutions with which to test approximate
procedures before launching involved studies of heavier nuclei. Unfortunately,
much hard work is required to solve the exact equations for A>3, especially the
scatteriny problem, which accounts for a dearth of published continuum results.
Yet, the intuition and understanding from such endeavors are most rewarding.

Two particularly useful classes of nuclear reactions are those involving
electromagnetic and weak probes. Despite the auspicious title provided for my
talk, there is not time 2llotted to provide even a catalog of experiments to be
don2. My remarks must necessarily be truncated to a rather subjective view of
recent developments. (My apologies if your favorite piece of physics has been



omitted.) In contrast to some previous speakers, I shall consider the quantum
hadrodynamic model cf Walecka - the nucleon-plus-meson exchange picture of
few-nucleon systems. I wil® not address that energy and momentum region where
quark effects might become visible. I hope thereby to adhere to that area of
experiment where exact calculations might contribute significantiy to our
understanding of nuclear physics.

2. ELECTROMAGNETIC INTERACTIONS

This field of physics covers a wide variety of reactions: photodisinte-
graticn, radiative capture, elastic and inelastic electron scattering, etc.
Experimeinis may be kinematically complete or incomplete. The QED interaction
operator is reascnably well understood. Elastic electron scattering yields our
best picture of the charge density of the nucleus. I%t was the discrepancy
between theory and experiment in the case of thermal np*ZHy that led the push
for including meson exchange currents in our description of nuc]ei.1

Let us begin with an examination of thu 2H(y,p)n reaction for 0° outgoing
protons, a topic which drew considerable attention at the Cugene meeting. At
low energy, the number of partial wavcs dominating in the continuum is quite
lin.ited. Consequently, one does not lose sight of the physics in summing a
large number of multipole matrix elements The interaction between a photon
and a proton charge can be represented (M=c=1) by2

H?nt = 3(;)°E exp(if-?)

and the interaction of a photon with a nucleon magnetic momenc can be repre-
sented by

i
Hint

= %ﬁ k x €0 exp(ik¥)

where k is the photon momentum and ¢ is its polarization; 3 is the nonrela-
tivistic nucleon current operator, * is the nucleon center-of-mass position,
and 0 is the nucleon spin operator. The current interaction can be separated
into electric and magnetic parts, and when working with exact initial and final
states of the same Hamiltonian, the "electric" components2 of the matrix ele-
ment

My = <flfa’e J(r)-E exp(ik-P) 11>
can be shown,3 through the use of current conservation, to be identical to
those of the lona wave length i1imit series
Mo = (EeE,) 5 48 <FI R DY 40 .
fi f L

This ¢+F form of the El photodisintegration operat.or4 contains all relevant



meson exchange corrections. However, it does not include the relativistic
component of the dipole operator,5 wi.ich will be seen to be important in the 0°
cross section.

The data of Hughes et al.s which were confirmed by Gilot et a1.7 appear at
first sight to disagree with all reasonable two-nucieon potential models (see
Fig. 1). They have drawn considerable theoretical attention.8 But consider
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what is happening physically. A

" Experimental Data
---------- Hamada-Johnston

photon with polarization perpen-
dicular to the beam (k-£=0) strikes
a deuteron. Classically the £
field lies at right angies to che
incident wave; it cannot produce

do(0%/d0 (ub/ster)

a force on the proton along the
direction (0°) of the beam defined
" by k. Quantum mechar.ically, the

o R m m e = ;’"’(u,’,‘;, = = e wm photon brings in L=1, the proton

Fig. 1. 2H(y,p)n without spin-orbit; and neutron go uff back-to-back
data from Ref. 6 and 7.

in the final state, colinear with
the incident beam, and therefore have L=0. Hence the transition is forbidden,
unless there is spin involved. In a central force model of the reaction, one
finds do/d ~ sin?
higher powers of sinze. The reaction is nonzero only because of i) the deuteron

8 for the -7 operator; nigher electric multipoles merely add

D-state, ii) noncertral forces in the np continuum, iii) the relativistic spin
dependence of the photodisintegration operator, and iv) meson exchange and
other non-Siegert terms in the interaction Hamiltonian. It is (i) and (ii)
which lead to the nonzero impulse apprcximation result showrn in Fig. 1. It is
(iii), the relativistic spin-orbit contribution to the E1 operator which ac-
counts for most of the discrepancy hetween the data and that impulse approxi-
mation result (see Fig. 2), as was first pointed out by Cambi et al.g This

(v/c)2 relativistic corgegtion5 due to the induced electric moment of a moving
L gxo
magnetic moment (éx“*4m c 2pv) becomes important at 0° because that part of

the E1 transition operator which dominates the 90° cross seciion (and thus the
total cross section) vanishes. The 20% ccrrection from this this unambigous
term in the operator is the dominant correction; uncertainties {n the meson ex-
change current corrections are of the urder of +6-7X. Thus, we see how relativ-
istic effects can be visible in low energy prysics. Before leaving the two-body

problem, let me note that there is reported to this conferencelo

an interesting
preliminary result for a measurement of t20' the tensor polarization of recoil

deuterons in 2H(e,e)‘?H. Such informat‘un is needed to separate the monopole and



quadrupole charge form factors
of the deuteron. In addition,
Bohannon and Hel]erll have re-
ported model problem numerical
studies for the extension of
the soft-photon theorem for
bremsstrahlung discussed at
the Graz meeting.12 Finally,

Holt et a1.13 have raised a

do(0°)/d0 (ub/ster)

et

v new geustion concerning deu-

0

Fig. 2. 2H(y,p)n for SCC model; teron photodisintegration.
data from Ref. 6 and 7. The neutron polarization in
the reaction zH(y,npo])H was measured at an angle of 90° for 6 < E_ < 13 MeV.
Disagreement with published theoretical calculations was frund. A similar
claim14 has teen made for measurement of the cross section asymmetry for deu-
teron photodisintegration with linearly polarized photons of 80 < Ey < 600 MeV
for center-of-mass proton angles of 75°-150°.

Let us now turn our attention to the study of elastic electron scattering
3H and 3He. It is this process that yields direct information about the

cquare of the trinucleon ground-state wave function ir terms of the charge and

from

magnetic form factors. Recali that the cross section for this simple process

can be wiitten a515

%= &, (FanaD + Wtz ytan’(er2) P (ah))
ott

do - (Za§ coszge/Z)

® ot ZE ginB(e/2)[1+(2E/Ms1n2(8/2)]

where n = q/(2M), q = ke-ké is the momentum transter, N is the trinucleon mass,
and ke-ké = cos 8. The charge form factor Fch(qz) is defined in impulse ap-
proximation byl6 :

Fen(a®) = Jg <Wlp g (FoFy) exp(id-P)1w>
where

pen(FiFg) = I et (12r]) + J1-t))el, -7 )]

p P
and y, fch‘ fch

proton and neutron respectiveiy. Relativistic corrections of order (v/c)2 in-
5

are the trinucleon wave function and charge densities of the

clude the usual Darwin-Foldy ard spin-orbit terms.™ Meson-exch ‘nge-current



corrections are of the same order and are intimately connected.

1 The magnetic

moment form factor is perhaps more easily described in mumentum space

Fmag<q2) =<pl 3 1> , £:4=0

where
jimp] = jconv * jmom
- 1 2
Conv j=1
3 .
J = 3 o ia
mom =1 J

B 3 iq7r])p 1B(1rd)P (g2
M [pjeXD(1 rj) + exp(iq rj)pj]2(1+tz)f G

Cc

133 2oardeeddy, P (g2) + d(1-d LI
5 O%d exp(d rj)[2(1+tz)upf (@) + 3(1=tydn,fraqg(a )]

mag n' mag

This operator is of order (v/c) and relativistic corrections are (v/c)3. The
isovector meson-exchange-current correction cannot be neglected, being the same
order in (v/c) as the impulse current.

I wish only to make two points concern-

ing the trinucleon form factors, which have been of intense incerest since

Collard's original experiment.

form factor below q2
2 3 L

that <rch( He)>

Fu? la)

magnetic moments frem these calculations do not agree (see Table I).
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First, recent measurement
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Fig. 3. Fz (qz) for 3He from
Ref. 25; clffe to guide eye.

13 of the 3He charge

, when combined with the world's data, indicates
= 1.875 = .011 fm in contrast to that reported by Dunn et al.
(The magnetic rms radius is about 1.95 fm.21) Work in progress

20

22 on 3H appears

to yield <r§h(3H)>% somewhat Tlower
than Collard's original value {1.70
fm). An rms radius as small as 1.65
fm would not be inconsistent with
point charge radii differences pro-
duced in Faddeev calculations (Arch
=0.20 fm),23 because studies of the
3He charge form factor including a
Coulomb interaction between protons
indicate that the Coulomb repulsion
increases Arch hy a small but not
insignificant 0.03 - 0.04 fm.2?
Definitive 3H experiments are
needed. Second, the magneti{ form
factor data are shown in Fig. 3.
Theoretical results came tantaliz-
ingly close to tne data. However,
as has been pointed out by Lehman,

it is disconcerting to see that the
26

In contrast to elastic scattering, inelastic electron scattering, especially
coincidence experiments such as 3He(e.e'p)d and 3He(e,e’p)np, yields information



about the overlap of the ground-state wave function and the wave function of a
nucleon moving freely relative to a deuteron or pair of nucleons in a scattering

state. These overlaps define the structure of the 3H—»nd, 3

He»pd* etlc. vertices,

which can be described in terms of asymptotic normalization constants, momentum

distributions, and related quantities.30 To be be specific we consider the

3He(e,e'p)d experiment of Jans et al.,31 although there also exist new data by

Kozlovsky et al.32 Th. general form of the coincidence cross section is
agzgg;aﬁp = ggep F(Egu2.00) FTIfo()1% + 211, ()17}

where do/dQ ep is the half-off—shell ep scattering cross section, F(Ee Qe Qp) is
a kinematic factor, and 2{ .} is the momentum distribution. It is {...} which
is usually called the spectroscopic factor. A closely related quantity is the

fraction of pd component in the trinucleon wave function:

Poa = 2% 1 afds (17(@1% + 11y(@)17)

The momentum distribution amplitudes fo(q) and fz(q) are the 2=0,2 conponernts
of the overlap of the ground state wave function with the continuum state of a
nucleon of momentum a moving freely relative to a deuteron:

.2 1 3, 1
A<nd. . 3m, 1m,| H; Zm>
1

3
V? %0 d= 1/2,3/2 <2 1mgl My fo(a)
y M " <2m M Iim>\/_ vm(q),

where spin and isospin quantum numbers have been suppressed. These amplitudes
are directly related to the asymptotic normalization constants C1 of the tri-

nucleon ground state wave funct1on30 32
1 1 1, .
(31 [3] (31n”
. + > 1 [0] [1] 2
gim ¥(r,p) » Gn L[LYS(P) x x (1)] x ¢577(r)] 3
o 13- ¢ {E £ Sy
1 e 3 3
_CD{}Z‘I:H——‘-)—(I'O-EB'.‘;Z—‘)E)
1 3 1
31 (3] , 3]
efan (0vE20Gp) x ¢ 2« o[ 2 &
by
¢ = i {2nin? 2im (@-iw)fy(@) 1 .

q+ip
A question of recent interest is whether one can extrapolate from the measured
(q=0) distorted wave quantity34

2
D, = &im {-f,(a)/[q"f;(q) 1}
27 o - 2V



Table I. Breakdown of magnetic moment calculations

ssc?? Paris?® Rsc2?
impulse -1.760 -1.77 -1.826
pair-graph -0.344 -0.29 -0.863
pion-graph -0.082 -0.03 -0.202
A-graph -0.144 -0.05* -0.024

*from coupled-channe} calculation.

to the pole position (iu) where C% and C%

a theoretical distorted wave quantity

_ _ el 251
52 = - Cp/(0°C3)

are defined. That is, if one defines

is 52 = D,? Simple separable model studies indicate that the answer is yes,

although not as well as in the case of the deuteron. Separable model results
for the 3H-*nd momentum distribution are plotted in Fig. 4 along with data ex-
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Fig. 4. Momentum distribution for

3H~>nd with date from 3He(e,e'd)p.

tracted from the 3He(e,e'pd) exper=-
iment of 5aclay. There is an abso-
lute uncertainty in the extraction
of the order of 10-15% due to the
assumption of pole dominance and
the ambiguity associated with the
half-off-shell ep cross section.
Within this framework, both the 4%
and 7% deuteron D-state models are
cunsistent with experiment for g <
100 MeV/c, the expected range of
validity for the pole dominance as-
sumption. Such is also the case
for more sophisticated models like
the Reid soft core.31’35 Thus, pole
dominance is not a valid assumption
at higher momentum transfer. (Inci-
dentallv, for the 3He(e,e‘p)np
reaction31 where the detected proton

does not have a high energy relative to the np pair, neglect of 3-body final
state interactions will likely destroy any agreement between theory and exper-

iment.) The inclusive quasielastic cross sections are also most interesting.

There are systenmatic disagreements between theory and data.

permit delving into this subject.

36 Time does not

Befcre leaving the A=3 isodoublet, let me point out some recant interesting



results in the realm of photonuclear physics. In a preprint concerning the
2H(p,y)3He capture reaction, King et 31.37 have reported measurement of angular
distributions from 6.5 to 16 MeV (see Fig. 5). A sensitivity to the D-state
components of the 3He wave function is noted. One caution in any analysis of
such data to extract angular distribution coefficients: A1l higher partial
wave contributions should be summed in any analysis because the trinucleons,
like the deuteron, are large

: T T T T
9} * TUNL objects; the multipole series
o Belt etal. -

x Skopik et al.

1.5

does not converge rapidly and
the sum of an infinite number
of individually negligibly
small terms is not vanishingly
smaﬂ.40 Skopik et a1.39 have
just published an 3He(e,d)e'p
measurement which implies that
E2 strength near the peak of
the 3He(y,d)p cross section is
small, less than 2X¥ of the to-

tal cross section. A preprint

0.5

0.0 1 1 1 1 ol
30 60 S0 120 150 18C

Oc.m. (deq)

Fig. 5. Angular distribution for able resuits for magnetic ex-

by Torre et a141 shows reason-

2H(p,y)aHe; data from Ref. 37-39. change current contributions

to the nd+3Hy thermal ineutron capture reaction.42 In the higher energy region,
the question of time reversal invariance in the Hey«—spd reaction has again come
to the forefront. Sober et a1.43 have remeasurcd at Bates differential cross
sections for 3He(y,d)p in the photon energy range of 150-350 MeV for center-of-
mass angles of 60° and 90°. The absolute uncertainty for this gas target exper-
iment in which racoil deuterons are detected is quoted as less than 6%. (Prelim-
inary results can be found in Briscoe et a1.44) These results are significantly
higher than those of Saclay and Bonn45 and lower than those of Caltech and
Frascati.46 The detail balance converted cross sections agree well with the re-
cent TRIUMF data®’ ¥ ar-
though the agreement is poor with older published results. There is no evi-
dence for a violatiorn of time reversal invariance. Finally, interesting Coulomb
effects were found in the 3He(y,Zp)n reaction for photon energies between 80
and 120 MeV, when the two protons are emitted in close proximity.49

In the A=4 area, the significant difference between the 4He(y,p)aH and
He(y,n)aﬂe cross sections in the 24-32 MeV photon energy range is the most

and with new data from the UCLA-Saclay collaboration,
44

4

interesing phenomena. The cross sections are shown in Fig. 6 (so1id lines) as



they were evaluated by Calarco, Berman, and Donnelly.

The shaded bands in-
dicate their estimates of the uncertainties in the individual cross sections.
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The data points are
from Ref. 51-53;
these references also
contain the data in-
cluded in the cross
section evaiuation.
It is clear that the
cross sections dif-
fer substantially
pelow 30 MeV. Be-
cause the reaction
mechanism is domi-
nated by the E1l1
(AS=0, AT=1) tran-
sition, the inequal-
ity of the cross
section implies the
existence of strong
isospin mixing in

the four-nucleon
J'=1" states. Calarco
et al. have intcr-
preted the large de-
viation of the cross
section ratio
R=a(y,p)/a(y,n) from
a value of 1 in te“ms

Fig. 6 The 4He(y.p)3H and 4He(y,n)sHe cross section

evaluation (sulid lines); data in (a) from Ref. 51,
open circles 1n (b) from Ref. 52, closed circles in because continuum cal-
(b) from Ref. 53. culations published
to date predict only small differences in the two cross sections.50 Other in-
farmation concerning this energy region is becoming available. Angular distri-
butions for the 3H(p,y)4He reaction have been reported by McBroom et a1.54 In
addition, Weller et a1.55 have reported a first measurement of polarized neu-
tron capture on 3He at En = 9 MeV, which corresponds to a phnton energy of 27.3
MeV. The polarized and unpolarized angular distribution data lead Weller et
al. to the conclusion that there is 1ittle £2 or spin-flip El contributing to

of & cliarge asymmetry
in the nuclear force,



the cross section.

The photodisintegration of the alpha particle is more complex than that of,
say, 3He where one has only two open channels (pd and ppn).56 Here one has 5
distinct open channels, and there exist known exicted states of 4He.57 How-
ever, at the low energies relevant to the ratio puzzle, the dominant E1 tran-
sition is saturated by the 4He(y,n)3He and 4He(y,p)aH reacticn channels.58 The
4He(y,d)d channel contributes only to even multipoles because of the equal mass
and charge of thr; final-state deuterons, while the multiparticle channels
4He(y,d)np and 4He(y,n)npp do not connect tn the T=0 4He ground state for any
final-state isospin value other than the T=1 of the n3He and p3H channels.
These multiparticle final states are therefore suppressed relative to two-body
final states of the same isospin, just as one sees experimentaliy and theoreti-
cally for the trinuc1eons.56 Based upon this kncwledge that only 2-body chan-
nels are important, a bound-state shell model calctiation was used to illus-
trate the point that, if all three J' = 17 states (7=1,5=0; T-1,5=1; T=0,S=1)
were properly mixed via Coulomb and/or a small charge asymmetry in the NN
force, the measured ratio R could be understood.59 Such a modal would appear
to be ir conflict with the results of Ref. 55. However, recent R-matrix work
by Dodder and Ha1e60 on fitting of the strong interaction cross sections (elas-
tic scattering, charge exchange, etc.) inuicates that Coulomb mixing of the
type (iscussed in Ref. 59 doe< lead to significant mixing in the J'=17 Jevels.

Such an R-matrix calculation would be expected to yield a ratio of R>>1,

3. WEAK INTERACTIONS

The unified theory of the electroweak interactions is one of the great
achievements of physics. The WGS61 or Standard Model unifies the weak inter-
actions and electromagnetism in a renormalizable framewnrk. Predictions of
weak-neutral-current effects agree with experiment. Daspite the notable suc-
cesses, rigorous testing of the theory lies alead. It is for this reason .hat
experimentalists must strive for improved p  and neutrino facilities. Nuclear
targets will play a key role in swudies of the structure of the weak inter-
actions, because nuclear selection rul.s and the variety of available trar-
sitions make nuclei excellent filters or analyzers for sorting out components
o' the weak interaction. Recall that nuclear experiments demonstrated V-A was
to be and not $-P-T.

In order to be specific, let me restrict my rumarks to neutrino physics.
Tests of p-e universality, induced pseudoscalar coupling, CVC, etc. with muons
are of no less 1mportance62 as are parity nonconservation «‘udies in pp, Bd

scattering and np+d§.63'65 Even so, there is not time to provide a complete



review of the underlying theory. It is assumed that there exists an effective
Lagrangian description of the ve*»e', Ve Ve and e-«*e'processes mediated by
the y, charged W, and the neutral Z bosons. The heavy bosons are so massive
that those couplings are point-like, and one writes a four-point interaction
description: leptonic current times hadronic current. The hadronic currents
are of the V-A form Ju=Ju+J3 with the charge-changing curren&s being the rais-

ing and lowering parts of the isovector operator Jst)=1pltin2. Correspondingly,

66

Vv
the electromagnetic current has the isospin structure J:=J3+Jp3, and the con-

served-vector-cur.-ent theory (CVC) tells us that the vector part of the charge-
Vv Vv

changi..g current is just J(t)=Jpltin2. CVC relates this aspect of the weak

and electromagnetic current; this was the first part of the electroweak unifi-

cation. The Standard Model is, in essence, an extended CVC with the addition

Vv
of a neutral weak current of the form J(0)=Jp3-2$in26wdz. We believe that the

interaction Of leptons with the bosons is understooc; therefore one is studying
the hadronic aspects of the electroweak interaction in nuclear investigations.

Because the momentum transfer is small in conventional processes such as
p-decay, e"-capture, and p--capture, neutrino studies are valued for their
potential to explore the weak inte: ¢tion form factors over an extended region
of momentum transfer q. The Standard Model predicts that the electromagnetic
and weak interaction processes are related for all q. There are simple (theo-
retically) tests of this remarkable concept.66 Consider (vevé), (6e.5é). and
(e,e’) scattering from a 7=0, J'=0" nucleus such as 4He (either the elastic
scattering or the inelastic scattering to the 20 MeV T=0, J'=0" first excited
state). Because we have T=0, JLO) = -Zsinzew J:; the weak neutral current is
pure vector in WSG and is directly proportional to “he e.m. current. Thus,
there is a direct relation between neutrino scattering and electron scattering.
In particular one has

24
“g“é z dOGQGé = sin48w 2&257 doiﬁE )
where ERL refers to the extreme relativistic limit (Ee>>Me)' This result holds
for all q, all 6 independent of the nuciear structure. It is a true test of
the unification of the electroweak interactions. The neutrino and electron
cross sections must be identical if the Stardard Model is correct.

I close with cursory mention of weak interactio. physics and the deuteron.
First a reminder. p-d+vnn may provide the cleanest measurement of the nn
scattering length. Second, parity nonconservation in }d-np and in Sd elastic
scattering yield information about T=1 parts of the weak interaction not avail-

do



able from T=0 Bp experiments. Third, v-zH and G-ZH scattering and reactions are

interesting testing grounds of electroweak coupling to more than one nucleon,
that is exchange currents. In addition, the elastic scattering is sensitive to
axial vector isoscalar coupling which is identically zero in the Standard

Model. Donne11y67 has investigated this in some detail and found that for E“ x
150 MeV the sensitivity of the cross section to any such nonstandard term can
be enhanced by a factor of 10 over the vector coupling. Furthermore, the inter-
ference with the vector coupling is destructive for neutrinos and constructive
for antineutrinos, providing a clean signal.
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